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One-electron vertical FranelCondon oxidation of [CCCCBO](using Q as collision gas in the dual collision

cell region of an HF-ZAB/AMD 604 four-sector mass spectrometer) forms doublet neut2d3 i@ the first

stage of a neutralizatierreionization (NR™) experiment. Reionization of these neutrals to decomposing
positive ions shows that the majority of neutrals (formed in the first collision cell) correspond to CCCCBO
which are stable for the microsecond duration of the NR experiment. However, a minor fraction of neutrals
CCCCBO is energized and rearranges to form an isomer which decomposes by loss of CO. A theoretical
study of this system at the MP4SDTQ/aug-cc-pVDZ//MP2(full)/6-31G(d) level of theory suggests that the
rearranged species corresponds to OCCCCB. The rearrangement occurs by six-center cyclization of CCCCBO,
involving O—C(1) bond formation followed by BO bond cleavage to form OCCCCB. The reaction is
endothermic by only 4.5 kcal mol but requires an excess energy »f53.5 kcal mof?! in order for the

system to surmount the first transition state. This energy requirement is 45.5 kcalhnook than the Franek

Condon excess energy of 8 kcal mbbf CCCCBO produced by the vertical oxidation process. The additional
energy may be provided by keV collisions of CCCCBO with the collision gaflbwing Franck-Condon-
controlled neutralization of [CCCCBOQ]

1. Introduction neutral. Neutral CCBO may be converted to [CCB@j} the
) o second collision cell by vertical ionization. Some of the

Cumulenes and cumulene oxides have been studied in grea{CCBOF cations are stable, while others are energized and
detail because of their importance in flame chemistry and undergo rearrangement to [OCCB]This exothermic rear-
astrochemlstrﬁl.ln_contrast, studies of borocu_mulenes have be_en rangement may occur for both the singlet and triplet forms of
concen_trated mamly on borocumulenes with boron occupying [cCBOJ* (the triplet form is lower in energy by only 5.2 kcal
a terminal position in such moleculés number of species  mg|-1) with both rearrangements proceeding through distorted
containing B, C, and O have also been reported including BCO, (hombic forms of EycloCCBOJ'.
B(CO) and (CBO),*® CoBO™ [(n = 1-5); no data concerning This paper reports the results of a study of the neutral doublet
the structures are availabfehnd OCBBCO, a species which  gystem of CCCCBO. Several questions are addressed, namely,
is reported to possess triple bond BB character. (i) can CCCCBO be formed by a process analogous to that used

Our approach to the generation of transient neutrals in a massfor CCBO, (ii) is CCCCBO stable (like CCBO) during or
spectrometer is to use collision-induced vertical oxidation of directly following the neutralization step of the gas-phase
mass-selected anions of known bond connectivity by means of synthesis, or does CCCCBO have sufficient excess energy to
the neutralizatiorrreionization (NR) procedur&.? In this re- effect decomposition or rearrangement (e.g., to OCCCCB), and
spect it is of prime importance that the anions are formed from (i) if energized CCCCBO does rearrange, what is the mech-
precursors with well-defined, known structures (e.g., ref 11). anism of this rearrangement?

In a previous study,we showed that stable anion [CCBO] > E . | Secti
may be formed in the chemical ionization source of a mass = xperimental Section _ )
spectrometer by the process F- (CHs);Si—C=C—B(O— 2.A. Mass S.pectromet.rllc Methods.The experiments were
iSoPry — [CCBOJ™ + (CHs)sSiF + isoPrOH+ CHz—CH= performed using a m_odlfled HF-ZAB/AMD 604 four-sector
CH,. The anion [CCBO] was then converted to doublet CCBO ~ Mass spectrometer with BEBE configuratigrwhere B and E
by a collision-induced vertical FranelCondon oxidation inthe ~ répresent magnetic and electric sectors, respectively. The
first of two collision cells. Calculations at the MP4SDTQ/aug- [CCCCBO]" anion was generated by chemical ionization (CI)
cc-pVDZ/IMP2(full)/6-31G(d) level of theory indicated that N the negative ion mode, with typical source conditions as
[CCBOJ~ and CCBO are linear species, with structures ap- _foIIows: source temperature 20C, repeller_voltage—O.S V,
proximated by the valence bond forms $C=B=0]~ and- ion extraction voltage 8.kV, mass resoluthMAm > 1500.
C=C—B=0, respectively. Neutral CCBO is stable at least for (CH3)sSi—(C=C),—B(O—isoPr} was placed in a small glass
the microsecond duration of the neutralization experiment; there capillary tube which was then drawn out in a flame to create a

is no evidence of either decomposition or rearrangement of this Very fine aperture, allowing for a slow steady release of sample
vapor upon heating. The capillary was inserted into the Cl source

- - - - via the direct probe; the probe tip was heated te-80 °C to
* Corresponding author. E-mail: john.bowie@adelaide.edu.au. L
T University of Adelaide. generate a background pressure of abouf Trr inside the
#Technische UniversitaBerlin. source housing. The [CCCCBO&nion was formed following
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SCHEME 1

F-+ (CH3)3Si-(C=C)2-B(0-/soPr)2 —» "C=C-C=C-B(0-/soPr)2
+ (CH3)3SiF (1)

=C=C-C=C-B(0-/soPr)2 >

[CCCCBO]- + /soPrOH + CH3CH=CH2

[(:C=C=C=C=B-0-/so Pr) = O-/soPr]
- (2)
desilylation using the DePuy gas-phasg2&i) proces®
(followed by fragmentation as shown in Scheme 1) utilizing
SFs as a Cl reagent gas at a pressure of about I0rr inside
the source housing.

Collision-induced dissociation (CID) of B(1)-mass-selected
ions was effected in the second of the collision cells positioned
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TABLE 1: Energies and Geometries of the [CCCCBO}
Anion

singlet triplet

energy (hartrees) —251.825 142 —251.649 053
state 1z SA!
C(1)C(2) (A) 1.275 1.235
C(2)C(3) (A) 1.345 1.340
C(3)C(4) (A) 1.253 1.234
C(4)B (A) 1.445 1.442
BO (A) 1.237 1.244
C(1)C(2)C(3) (deg) 180.0
C(2)C(3)C(4) (deg) 179.8
C(3)C(4)B (deg) 176.6
C(4)BO (deg) 179.8

between B(1) and E(1). Helium was used as a target gas. Thevibrational energies which were then scaled by 0.96éhd
pressure of the collision gas in the cell was maintained such used as a zero-point correction for the electronic energies
that 80% of the parent ion beam was transmitted through the calculated at higher levels of theory. The energies of these

cell. This corresponds to an average of-1112 collisions per
ion.13 Product ions resulting from CID were recorded by
scanning E(1).

Neutralization-reionization (NR™) experiment& 10 were
performed for B(1)-mass-selected [CCCCBQiilizing the dual
collision cells located between sectors B(1) and E(1). Neutral-
ization of the anions was achieved by collisional electron
detachment using £at 80% transmittance as collision gas, while
reionization to cations was achieved by collision of the neutrals
with O, again at 80% transmittance. Any ions remaining after
the first collision event were deflected from the primary neutral

geometries were determined in single-point calculations at the
MP4SDTQ level using the Dunning aug-cc-pVDZ basis?$8ét.

All calculations were carried out on the Alpha server at the
APAC National Facility (Canberra).

3. Results and Discussion

3.A. Conversion of [CCCCBO] to CCCCBO. The re-
quired [CCCCBOT precursor anion was generated in the ion
source of the mass spectrometer by the process shown in Scheme
1. The CID spectrum of this aniorm(z 75) shows a weak
fragment peak aitn/z 48 (loss of neutral BO), consistent with

beam using an electrode maintained at 1 kV positioned before the anion connectivity CCCCBO. Calculations at the MPASDTQ/
the second collision cell. To detect a recovery signal due to the aug-cc-pVDZ//MP2(full)/6-31G(d) level of theory indicate that
reionized parent molecule, the neutral species must be stablghere are stable singlet and triplet forms of [CCCCBO]

for approximately one microsecond. Charge revers@R")
spectra*1Swere recorded near single collision conditions,(O
80%T). Collection of CRt and~NR* spectra under the same
experimental conditions allows for a direct comparison from
which it is possible to infer the behavior of the intermediate
neutral on the NR time scale (19s)216.17

2.B. Synthesis.2.B.1. (4-Trimethylsilylbutadiynyl)diiso-
propoxyborane To bis(trimethylsilyl)butadiyne (1.0 g, 5.2
mmol) in anhydrous diethyl ether (30 émat 20 °C under
nitrogen was added methyl lithium/lithium bromide complex
in diethyl ether (1.5 M, 4.0 cf 6.0 mmol), and the mixture
allowed to stir for 16 h at 20C. This organolithium reagent
was then slowly added to triisopropyl borate (1.4cél mmol)
in diethyl ether (20 c¥) at —78 °C, and the reaction mixture
was maintained at 78 °C for 4 h. Anhydrous hydrogen chloride
in diethyl ether (2.0M, 3.0 cf 6.0 mmol) was added, and the
mixture was allowed to warm to 280C. The precipitate was

Relevant details of these structures are recorded in Table 1. The
singlet anion corresponds to the ground state, 110.5 kcal’'mol
below the triplet. The linear singlet structure is best represented
by the valence bond formulation f8C=C=C=B=0]", with

the extra electron involved in the multiple bonding to boron.
Details of the structure of the stable doublet neutral molecule
are listed in Table 2: this structure is best represented by the
valence bond formula-C=C—C=C—-B=0]. The adiabatic
electron affinity of CCCCBO is calculated to be 5.8 eV (cf.
4.8 eV for CCBOY. One-electron vertical oxidation of singlet
[CCCCBOT will initially give a neutral with the same geometry
as the anion. This species has an excess Fraiokdon energy

of 8 kcal mol! above doublet CCCCBO on the neutral potential
surface. This excess energy by itself should not be sufficient to
cause major rearrangement or decomposition of CCCCBO
following formation from [CCCCBOQO]. The data outlined above
suggest that vertical one-electron oxidation of [CCCCBO]

removed, and the remaining solvent was removed in vacuo. Any should be a suitable method for the formation of stable

remaining triisopropyl borate and triisopropyl alcohol were
removed by distillation at 90C/12 mbar, to give 0.6 g of raw
product (46% yield). Attempts to further purify the compound

CCCCBO.
The charge reversat CR") and neutralizatiorreionization
("NR™) spectra of [CCCCBQ] are shown in Figure 1. The

led to decomposition. Mass spectrometric experiments were "NR* spectrum is dominated by a parent (recovery) signal at

carried out on samples which were95% pure by NMR.IH
NMR (200 MHz, in CDC¥): ¢ 0.20 (s, 9H), 1.12 (d, % 6H,
J = 6.2 Hz), 4.55 (septet, 2 1H, J = 6.2 Hz).

2.C. Theoretical Methods.All geometry optimizations were
carried out at the MP2(full)/6-31G(d) level of theory using the
GAUSSIAN 98 suite of progran?. Stationary points were

m/z 75, indicating that the parent neutral(s) is (are) stable for
the microsecond lifetime of the neutral(s) before reionization.
A number of fragment ions observed in botNRt and "CR"
spectra are consistent with a connectivity CCCCBO, for
example, those formed by losses of C, Q, BO, CBO, G,
C,BO, and GBO. However, there are a number of peaks in

characterized as either minima (no imaginary frequencies) or both spectra which are not consistent with a structure CCCCBO.

transition structures (one imaginary frequency) by calculation

These are formed by losses of CQQE GO, and GO from a

of the frequencies using analytical gradient procedures. The parent cation which must have a-© bond, for example, the
minima connected by a given transition structure were confirmed structure [OCCCCB].

by intrinsic reaction coordinate (IRC) calculations. The calcu-

So far, this story is comparable to that reported earlier for

lated frequencies were also used to determine zero-pointCCBOZ but that similarity now ends. In the case of CCBO,
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TABLE 2: Geometries and Energies of Stable GBO Neutral Isomers
_O
c(f) B
C—c—
C(1)C(2IC()C(4)BO  C(1)C(2BCR)C(4)O  C(1)BC(2)CR)C(4)0  BC(1)C(2)C(3)C(4)0 c—c@
1 2 3 4 5
state 3 ) ) s A
symmetry G Cooy Ceov Ceov Cs
relative energy 0.0 7.6 50.9 4.5 39.9
(kcal mol1)2
C(L)C(2) (A) 1.173 1.183 1.283 1.300
Cc(2)C(3) (A) 1.408 1.273 1.278 1.360
c@3)c(4) (A) 1.173 1.293 1.295 1.288 1.305
C(4)B (A) 1.491 1.415
c()B (A) 1.382 1.354
C(2)B (A) 1.493 1.411
c(3)B (A) 1.338
BO (A) 1.218 1.362
Co (A) 1.176 1.177 1.175 1.393
C(1)C(2)C(3) (deg) 94.8
C(2)C(3)C(4) (deg) 164.4
C(3)C(4)B) (deg) 78.2
C(4)BO) (deg) 149.9
aEnergies relative to neutrdl (—251.611 593 hartrees).
A 75 TABLE 3: Energies of Selected Neutral and Cation
Dissociationg
parent connectivity fragment species energy (kcal)ol
CCCCBO CCCC+BO 29.8
CCC+CBO 110.8
CC+ CCBO 148.1
CCccCBO CCCCf+BO 98.6
CCCC+ BO* 80.8
CCCf +CBO 121.3
36 4748 CCC+ CBO* 121.2
24 27 35 51 OCCCCB BCCC+ CO 54.6
142 23 59 63 L BCC+ CCO 110.6
OCccceBf BCCC" + CO 100.6
B 75 BCCC+ CO* 228.7
BCC" + CCO 255.9
BCC+ CCO*" 149.8

aDetails of the geometries and energies of [CCCCBG@hd
[OCCCCBJ" are recorded in Table 5 of the Supporting Information,

and details of the fragments listed in Table 3 are contained in Table 6
of the Supporting Information.

favorable from energized neutrals than from the corresponding
cations. Other fragmentations listed in Table 3 are energetically
unfavorable in comparison. The fragmentations of the cations
require an extra 69.3 and 45.2 kcal mblrespectively (Table

3). The data suggest that one-electron oxidation of [CCCCBO]
produces, in the main, neutrals CCCCBO. However, a minority
of the initially formed CCCCBO neutrals have sufficient excess
the "CR* and~NR" spectra of [CCBO] were essentially the ~ €N€ray to effect rearrangement to OCCCCB, some of which
same, indicating that neutral CCBO was neither rearranging nor 4€compose to CCCB and CO.

decomposing: the rearrangement peaks (e.g., loss of CO) in 3.B. Rearrangement of CCCCBO to OCCCCB: A Theo-
these two Spectra were Coming from [OCCBbrmed from retical Approach. As the Iength of the carbon chain in th%—c
[CCBOJ*.2 The two spectra shown in Figure 1 are similar, but BO series increases, the possible number of distinct structural
the peak corresponding to CO loss is reproducibly larger in the isomers increases dramatically. In the case of $#&Csystem,
~NR* spectrum. This means that some of the CCCCBO neutrals We considered all possible isomers. In this study we restrict the
are rearranging to species which either (i) decompose by losscomputed structures to linear neutral molecules (because for

of CO, or (ii) give cations which lose CO when ionized, or C2BO the linear structures were the more stable isofhers
both25.26.28 together with any other isomers implicated in the rearrangement

To determine whether the loss of CO is Occurring from a of CCCCBO to OCCCCB?® These data are listed in Tables 2
rearranged neutral or by decomposition of the cation formed and 4. Possible linear structures are shown in Chart 1.
from that neutral, we need to consider the thermochemistry of The doublet neutral CCCCBQY is the global minimum on
decompositions of the neutrals and cations (Table 3). The losseghe neutral potential surface, with OCCCCH and OCCBCC
of BO from CCCCBO and CO from OCCCCB are more (4) being only 4.5 and 7.6 kcal nol higher in energy than.

Figure 1. (a) "CR' mass spectrum of [CCCCBQ](b) "NR" mass
spectrum of [CCCCBO]. The experiments were performed using a
HF-ZAB/AMD 604 four-sector mass spectrometer.
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TABLE 4: Geometries and Energies of Transition States (Figure 2) and Reactive Intermediates 7 and 8 (Scheme 2)

N 0 o\ O 0
(1) (1) B 2)
E\ . (f\ P O/ (ﬁc\ 73 ¢ C\C(4)

C—C(4) C—C(4) c—C(4) Cc—C(4) c(h) ~B

TS1 TS2 TS3 7 8
state A’ A’ 2A’ 2N’ 2A’
symmetry Cs Cs Cs Cs Cs
relative energy 53.5 44.5 116.7 66.2 139.3
(kcal mol?)?2
C(1)C(2) (A) 1.212 1.302 1.301 1.358 1.178
C(2)Cc@B) (A) 1.402 1.379 1.425 1.478 1.501
C(3)C(4) (A) 1.237 1.304 1.324 1.266 1.446
C(4)B (A) 1.487 1.448 1.537 1.495 1.333
C(1)0 (A) 1.235
C(3)0 (A) 1.175
BO (A) 1.245 1.282 1.441
C(2)0 (A) 1.341
C(1)C(2)C(3) (deg) 106.5 82.3 149.0 63.4 179.3
C(2)C(3)C(4) (deg) 170.0 168.1 116.2 88.9 107.1
C(3)C(4)B (deg) 84.7 92.5 106.5 126.1 177.2
C(4)BO (deg) 162.9 117.0 99.3
C(2)C(1)O (deg) 160.8
C(2)C(3)O (deg) 124.4
C(2)OB (deg) 100.3

2 Energies relative to neutrdl (—251.611 593 hartrees).

CHART 1
ccceBo occcceB oCcCccCBC
1 ( 0 keal mol-1) 2 (+4.5) 3 (+50.9)

occBCC ocBCCC
4 (+7.6) 5 (not stable)

Full details of the energies and geometries of these structures
are recorded in Table 2. The isomer OCCCRE} lfes 50.9

kcal moi~! abovel, while CCCBCO b) is not stable at the
level of theory used for the calculation. In principle, both of
the low-energy isomerg and4 can decompose by loss of CO,

but only OCCCCB 2) can account for those fragmentations in g occcc;'s
the "NR™ spectrum of [CCCCBQO] which do not come from ccceBo 5
CCCCBO. 1

What is the mechanism of the rearrangement of CCCCBO Figure 2. Rearrangement of CCCCBO to OCCCCB. Energies are at
to OCCCCB? In the €BO system, even though OCCB is only the MP4SDTQ/aug-cq-pVDZ//MPg(full)/6-3lG(d) level of theory.
4 kcal mol* above CCBO on the neutral potential surface, the Relative energies are in kcal mélwith respect to CCCCBO (0 keal

. - " - mol1).
barrier to the rhombic transition state separating these structures
is 64 kcal mof?l, and the rearrangement was not detected SCHEME 2
experimentally? In the case of the rearrangement CCCCBO to 0-g o o
OCCCCB, there are a number of possibilities to consider. These 4 & c/écca — J-cces
are cyclization processes through six-, five-, and four-center c-¢ L
transition structures. a7

The simplest scenario to consider is the rearrangement cccceo occccs
through a six-centered state. This rearrangement has been in- 1 \B 2
vestigated at the MP4SDTQ/aug-cc-pVDZ//MP2(full)/6-31G(d) o
level of theory, and the results are summarized in Figure 2. cce. B - cccl  — c(_ccB

. S S X . c cB c
Full details of stable species including intermediates are detailed 8
in Table 2, while descriptions of transition structures are given
in Table 4. The process shown in Figure 2 is slightly endother- shown in Figure 2. Geometries and energies of these key
mic (+4.5 kcal mot!) and proceeds through the cyclic inter- intermediates are recorded in Table 4.
mediate (+39.9 kcal mot?) with the system requiring excess Consider first, reaction sequenaewhich proceeds initially
energy of> 53.5 kcal mot™ in order to pass the first transition by cyclization through a five-membered transition state. The
state (cf. 64.0 kcal mof for the CCBO rearrangemeri). product of the initial cyclization is the unusual bicyclic species

Two other possible mechanisms are shown in Scheme 2. We7, which lies 66 kcal moi! above CCCCBOJX). The barrier
have not computed the entire reaction coordinates of these twofor the first step fromil to 7 is 116.7 kcal mot. This process
processes. Instead, we have investigated several of the interrequires significantly more energy than that required for the
mediates to show that the two processes are energeticallyprocess shown in Figure 2 and is not considered further.
unfavorable in comparison with the six-centered rearrangementSequenc® is even less favorable. Key intermedi&tées 140
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kcal mol~t abovel, an energy requirement 86.5 kcal mbl

higher than that required to effect the rearrangement shown in

Figure 2.

4. Conclusion
(a) One-electron vertical oxidation of [CCCCBUOprms the

doublet CCCCBO. The majority of these neutrals are stable at

least for the microsecond duration of the NR experiment.
(b) A minority of neutrals CCCCBO species (formed as

McAnoy et al.

(13) Holmes, J. LOrg. Mass Spectronl985 20, 169.

(14) (a) Bowie, J. H.; Blumenthal, . Am. Chem. So&975 97, 2959.
(b) Szulejko, J. E.; Bowie, J. H.; Howe, I.; Beynon, J. IHt. J. Mass
Spectrom. lon Phys.98Q 34, 99.

(15) Bursey, M.Mass Spectrom. Re199Q 9, 555.

(16) Hornung, G.; Schalley, C. A.; Dieterle, M.; S¢ties, D.; Schwarz,
H. Chem—Eur. J. 1997, 3, 1866.

(17) Schalley, C. A.; Blanksby, S. J.; Harvey, J. N.; Scleg D.;
Zummack, W.; Bowie, J. H.; Schwarz, IEur. J. Org. Chem1998 987.

(18) Brown, H. C.; Bhat, N. G.; Srebnik, Mletrahedron Lett1988
29, 2631.

(19) Brown, C. D.; Chong, J. M.; Shen, Letrahedronl999 55, 14233.

indicated above) are energized and rearrange via a six-center (20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

cyclization, involving O-C(1)bond formation followed by BO
bond cleavage to form OCCCCB. This reaction is endothermic
by only 4.5 kcal mot? but requires excess energy af 53.5
kcal mol® in order to surmount the first transition state. This
energy requirement is 45.5 kcal mélmore than the Franek
Condon excess energy of 8 kcal mbbf CCCCBO produced

by the vertical oxidation process. This additional energy may
be produced by keV collisions of CCCCBO with the collision
gas following Franck- Condon neutralization of [CCCCBO)]
Alternatively, a minority of the CCCCBO neutrals may have

sufficient excess energy (to cause rearrangement) as a conse-

guence of the collision-induced Frane€ondon oxidation itself.
(c) The earlier report that CCBO is stable under the NR

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. ASaussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.

(21) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.

(22) Dunning, T. HJ. Chem. Phys1989 90, 1007.

(23) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.

(24) A reviewer has asked us to comment on the accuracy of the
calculations, in particular, the applicability of diffuse functions. The level

Condltlon§ is consistent with the observation in this Study that of theory used in this Study is the same as that used in preViOUS studies

some CCCCBO neutrals rearrange under the same experimentqﬁi

conditions. Neutral CCCCBO rearranges to OCCCCB via a six-
center transition state, a process not available to CCBO.
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more feasible than the rearrangement. However, this cleavage reaction is
nlikely to be barrierless, since thex@G bond distances are appreciably
ifferent between CCCC and CCCCBO (see Tables 3 and 6).

(26) A reviewer has asked us to comment on the possibility of both
synchronous and stepwise removal of two electrons in@fe process.
Following the first reports of CR" processed? it was pointed ouf27 that
two-electron removal could be stepwise. This matter has been dealt with in
full recently? In summary, a CR* spectrum always reflects a superimposi-
tion of 1 x 2e and 2x le processes. However, the collision cross section

and details of the energies of all the fragment species listed in for CR is always at least a factor of 5 (in the particular case dealt with in

Table 2. This material is available free of charge via the Internet
at http://pubs.acs.org.
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ratio in the"NR™ spectrum appears to be in the wrong direction. This is a
subtle issue. If neutral CCCCBO fragments to yield equal amounts of CCC
and CBO (see Table 3), it might be assumed that, since the ionization
energies of CCC and CBO are very similar (see Table 3), the peaks
corresponding to the two product cations should be formed in equal
abundance. However, the reionization cross section of CCC is higher than
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while those of CBO and CBO are significantly different (see Table 6).
The overall consequence is that the peak for Cd&the "NR* spectrum
is larger than that in theCR" spectrum.
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